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Abstract
Object To explore the procedures in per-operative harvesting and management of fresh human cochlear
specimens for research. Methods During trans-cochlear surgery to remove large petro-clival meningiomas
causing life-threatening compression on the brainstem, cochleae are normally destroyed and drilled away in
order to reach the apical petrous and clivus region. Instead the cochlea can be dissected out after ethical per-
mission was obtained from the local ethical committee (EPN) and allowance gained from the patients. Sur-
gery is performed by a team consisting of oto- and neurosurgeons as a two-day procedure with total petro-
sectomy in combination with an inferior re-routing of the facial nerve. Fixation of the cochleae was done in
the operating room as soon as the specimens had been separated from the temporal bones. Decalcification
began after hours’to overnight’s fixation for 4 weeks. Sectioning parallel to the modiolus (mid-modiolus)
was performed with a cryostat microtome. The sections were subjected to immunofluorescence (IF). Results
Using freshly prepared 4% paraformaldehyde (PFD) solution, adequate fixation of fine inner ear structures
was achieved with hours’immersion of the cochlear specimens. Decalcification in 6.2% ethylene di-
amine-tetracetic acid (EDTA) solution for 4 weeks yielded a thoroughly decalcified cochlea. Experiences in
processing 14 human cochleae and analysing main landmarks in five human inner ear plastic/silicone casts
showed that the oval window/stapes footplate are backward tilted, at an angle about 15 degrees, from the
plane perpendicular to the modiolar axis. The distance from the modiolar apex to the anterior border of the
oval window/footplate in these inner ear casts measured between 4 and 5 mm. High quality IF staining was
obtained. Conclusion Surgically obtained human cochlear specimen, when properly processed, contains ide-
ally preserved antigenicity for immunohistochemical study. Adequate orientation during sectioning helps ob-
tain optimal mid-modiolar sections showing fine structures of the cochlea.
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Introduction
Previous studies have shown that there are distinct dif-
ferences in terms of structures of the inner ear between
humans and other mammals [1,2].This argues for a direct
observation on human inner ear specimens. However, un-
favorable factors regarding human inner ear tissue preser-
vation for study consist of its small size, delicate and het-
erogeneous composition, deep location and surrounding
hard bones. Access to human inner ear during autopsy
can be obtained only after many hours even days post-
mortem leading to tissue deterioration.
Nevertheless, earlier studies on postmortem temporal
bones have yielded important findings in the ear at the
level of light as well as electron microscopy [1,3 -10]. These
pioneering works laid a profound base for future human
inner ear studies. Furthermore, researches since 1997, on
surgically obtained, instantly fixed human cochlea pro-
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duced excellent ultra-structural results [11,12].Later on, many
cell types including neurons were cultured from the surgical
cochlearspecimensbythesamegroupforthefirsttime[13].
In recent years,we have published findings of protein ex-
pression in well preserved human cochlear specimens [14-22].
Webelievethatfurtherstudies,basedoninnereartissuewith
well-maintained molecular and cellular structures, at mo-
lecular level (using among others immunohistochemis-
try (IHC) techniques western blotting (WB), in situ hy-
bridization (ISH), etc.) may provide additional informa-
tion with implication to function. Herein we present the
procedures and experiences in human cochlear specimen
harvesting and handling for immunohistochemical and
morphological study.
Materials and methods
Inclusion criteria, ethic permission and patient con-
sent
Fourteen human cochleae from fourteen middle-aged
or elderly patients were dissected out during a trans-co-
chlear approach operation where the cochleae had to be
removed to gain maximal exposure and extirpation of
the posterior cranial fossa pathologies, mostly meningio-
ma except for one chordoma and one malignant neurofi-
broma in two patients. The pathologies were centered in
the cerebellopontine angle with extension to the petrous
apex and clivus, in some cases crossing the midline. Eth-
ical permission from the local ethics committee ((EPN)
committee (no. 99398, 22/9 1999, cont., 2003, Dnr. 2013/
190) was obtained for using the cochleae in research, and
patient consent obtained before operation. Criteria for a
cochlea to be used as normal hearing organ included a
negative history of inner ear disease, noninvolvement of
the inner ear or its blood supply by the tumor or by other
noticeable pathologies, and an age-normative audiogram
prior to operation. Consequently the cochlea from the
malignant neurofibroma patient was excluded because
of a remarkable hearing loss on preoperative audiometry.
Surgical procedures
A trans-cochlear surgical approach was adopted con-
sistently according to routine procedures [23,24]. Briefly, it
began with a retro-auricular incision, a mastoidectomy
and removal of the posterior wall of the external ear ca-
nal. After an enlarged trans-labyrinthine operation expos-
ing the internal acoustic meatus and cerebellopontine an-
gle, facial nerve was re-routed postero-inferiorly. Follow-
ing an obstruction of the Eustachian tube with Tissel-
glued fascia/muscle and severing the auditory/vestibular
nerves near the fundus of the internal acoustic meatus,
drilling was undertaken around the cochlea. The cochlea
was carefully separated from the surrounding bones re-
sulting in an intact cochlea off the temporal bone except
for its antero-inferior location where separation was be-
tween the cochlear bone and the genu of the internal ca-
rotid artery. As the tumor had been exposed and re-
moved, the wound was closed by filling the bone defect
with abdominal fat and suturing the skin incision.
This life-saving surgery has long been used in such
difficult cases where tumors cause compression on the
brainstem; the operation is performed by a surgical team
consisting of both oto- and neurosurgeons from the Up-
psala University Hospital, Sweden. The surgery is today
performed as a two-day procedure with total petrosecto-
my preceded by vestibulectomy,cochlear ablation in
combination with facial nerve re-routing on day one, and
removal of tumor on day two. Schematic drawing in fig-
ure 1 demonstrates the removed part of skull base/tempo-
ral bone during this type of surgery. In figure 2, boundar-
ies of the cochlear specimen and its major neighboring
structures removed or displaced during the operation are
demonstrated on a human inner ear silicone cast. Figure
3 shows a few cochleae obtained using aforementioned
approach.
Figure 1 Extent of ablation of the skull base and temporal bone
during a trans-cochlear approach for a petro-clival meningioma.
For effective exposure and removal of the meningioma (brown)
in the posterior cranial fossa,removal of bone (circumscribed
with red dashed line) from behind the sigmoid sinus (blue) to
the border between cochlea and internal carotid artery (cochlea
in green, the artery not shown) is necessary. A thorough expo-
sure of the tumor needs sacrifice of the cochlea to which the sur-
rounding structures are shown in more detail with inner ear cast
in figure 2.
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Fixation and decalcification of the cochlea
Fixation of the cochleae was immediate in the operat-
ing room as soon as the specimens had been separated
from the skull base. We used freshly prepared (in 0.1M
PBS) 4% cool paraformaldehyde (PFD) solution as the
fixative. Fixation time varied from 2 to 16 h. Decalcifica-
tion in 6.2% ethylene diamine-tetracetic acid (EDTA) so-
lution (PH 7.4) began after fixation. The solution was
changed every other day (when 150 ml EDTA solution
was replaced each time).
For decalcification endpoint determination, softness of
the bone was probed with a needle. On each checking,
the soft part was carefully trimmed off the specimen us-
ing a razorblade aiming at accelerating the decalcifica-
tion, care being taken not to damage the inner fragile struc-
tures of the cochlea. X-ray detection was occasional that
revealed 4 weeks to be adequate for a thorough decalcifi-
cation. Decalcification was performed in a refrigerator at
4°C or at room temperature, without obviously different
decalcifying-rates under these two conditions. The speci-
men was rinsed in 0.1M PBS to remove EDTA;it w-
as then kept in 25% sucrose diluted in PBS (0.1M, PH
7.4) protecting against cryo-damage.
Modiolus orientation and cochlea sectioning
Sectioning was performed parallel to the modiolus in
a cryostat microtome. The relationship between oval win-
dow/foot plate and the modiolus was assessed in five sili-
cone human inner-ear moulds in terms of their orienta-
tion relation as well as the distance between the modio-
lar apex and the oval window. For sectioning, the cochle-
ae were embedded in Tissue-Tek (OCT Polysciences),
rapidly frozen with liquid nitrogen or crashed dry ice
and sectioned at 8-10 μm using a Leica cryostat micro-
tome (Germany). Sections were collected onto gelatin/
chrome-alum-coated slides and stored below-70°C prior
to immunohistochemistry.
Immunohistochemistry and imaging
Immunofluorescence (IF) with a variety of primary an-
tibodies was performed on human cochlear sections. IF
procedures used in our lab have been described in previ-
ous publications [15,25]. Briefly, incubation of the sections
on slides with the antibody solution was carried out un-
der humid atmosphere at 4°C for 16 to 20 h. After rins-
ing with PBS (3×5 min), the sections were subsequently
incubated with secondary antibodies conjugated to Alexa
Fluor 488 and 555 (Molecular Probes) at room tempera-
ture, counter-stained with a nuclear stain DAPI (4’,6-di-
amidino-2-phenylindole dihydrochloride) for 5 min,
rinsed with PBS (3×5 min) and mounted with a VECTA
SHIELD mounting medium (Vector Laboratories).
Immunohistochemically stained sections were investi-
gated with an inverted fluorescence microscope (Nikon
TE2000) equipped with a spot digital camera with three
filters (for emission spectra maxima at 358, 461 and 555
nm). A computer system connected to the microscope was
installed with image-processing software (NIS Element
BR-3.2, Nikon) including image merging and a fluores-
cence intensity analyzer. For laser confocal microscopy
we used the same microscope equipped with a
three-channel laser emission system. The optical scan-
ning and image-processing tasks were run by the pro-
gram Nikon EZ-C1 (ver. 3.80) including 3D reconstruc-
tion as well as projection rendering out of Z-stacks.
Figure 2 A silicone cast of human inner ear together with its sur-
rounding structures. In a, the facial nerve (F) remains in the posi-
tion of fillopian canal, whereas, during a trans-cochlear approach,
it is re-routed inferiorly (F in b). During the operation, carotid ar-
tery (A) is detached from cochlea, and the high-bulging jugular
bulb (B) gently pressed downward and protected. The whole inner
ear is removed, the cochlea being taken out intact, usually with sta-
pes and round window niche (red frame in b shows the boundaries
of the ablated cochlea). V, superior vestibular nerve; arrows, supe-
rior and horizontal semicircular canal; cross, oval window; aster-
isk, apex of the modiolus.
Figure 3 Photos of a few cochleae separated from temporal bones.
a and b represent two left cochleae; c and d show respectively the
medial side and the lateral side of one same left cochlea specimen.
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Results
Between September of 2007 and January of 2013, 14
human cochleae were obtained. Only one of them was
damaged more than half of the whole cochlea, making it
of limited use after sectioning. Six intact cochleae and
other two with small opening at either apical or basal
turn (accidentally opened by drilling during the opera-
tion) were qualified for morphological research. In one
patient with malignant neurofibroma against the medial
wall of the petrous bone, complicated with a total hear-
ing loss on the tumor side, the cochlea was sectioned but
the pilot staining with neuron marker Tuj1 demonstrated
neither neurons nor organ of Corti, indicating its unsuit-
ability for assessment of normal anatomy. Four cochleae
were subjected to cell culture or organ culture proce-
dures.
To use oval window as a landmark for mid-modiolar
sectioning, we investigated five silicone casts based on
human inner ear. The oval window/stapes appeared back-
ward tilted from the plane perpendicular to the modiolar
axis, at an angle about 15 degrees. The distance from the
modiolar apex to the anterior border of the oval window/
foot-plate in these inner ear casts measured between 4
and 5 mm (fig. 4).
The bright-field images of the spiral ganglion (SG)
and organ of Corti (fig 5-b; fig 5-g) displayed proper-
ly-preserved structures. The dark-field (immunofluores-
cent) demonstrated a well labeled neuron marker tubu-
lin-beta-III (Tuj1) in neurons and myelinating Schwann
cell marker, myelin basic protein (MBP),in Schwann
cells (fig. 5-a), gap junction channel protein connexin 30
(Cx30) in spiral ligament(fig.5-f) and calcium-binding
protein parvalbumin (Pv) in neurons (fig. 5-c). Interest-
ingly, in a double-staining with a mixture of Tuj1 and
Cx30 antibodies, the former labeled nerves in the SG
and organ of Corti whereas the latter stained SG neuron
(SGN) cell bodies(fig. 5-d and e), several cell types in
the lateral cochlear wall, and supporting cells in the or-
gan of Corti (fig. 5-f).
a
Figure 4 Image of a silicone cast of human inner ear showing posi-
tional relationship between modiolus and oval window. Note that
the plane of oval window/foot-plate has an about 15-degree tilt in
backward direction from the plane perpendicular to the modiolus.
This is obvious when the oval window was full-imaged (in b, com-
paring with a), in such a case the modiolar apex must be turned a
15-degree anteriorly (compare a with b).
Figure 5 Immunofluorescence and phase-contrast images demon-
strating well-preserved antigenicity and structure of the surgically
obtained human cochlea. a, Immunostaining for myelin basic pro-
tein (MBP; red) and Beta-3-Tubulin (Tuj 1; green) in human spiral
ganglion neurons; b, A bright-field of human spiral ganglion; c,
Immunostaining for parvalbumin (Pv; green) and connexin 30
(Cx30) in spiral ganglion neurons; d and e, Low and high power
confocal micrographs showing immunostaining of Tuj 1 (green)
and Cx30 (red) in human spiral ganglion neurons; f, A low power
confocal micrograph showing immunostaining of Tuj 1 (green)
and Cx 30 (red) in human stria vascularis (SV) and organ of Corti
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Discussion
Tissue fixation with 4% PFD in 0.1M PBS solution is
a routine in our immunohistochemical study. The fixa-
tive is prepared on the operation day and kept in a 4°C
refrigerator before use. Fixation initiates immediately on
obtaining the cochlea in the operating room. Fixation (at
4°C) time ranges from two hours to overnight (about 16
hours), longer than reported fixation time in animals
with trans-cardial perfusion. The drilled-open cochlea fa-
cilitates penetration by the fixative.
Only chelator-EDTA was used for decalcification. Ac-
id decalcification protocols are not recommended for
IHC [26] due to a consequent loss of antigenicity in the tis-
sue or its affinity for certain stains. The size of the co-
chlear specimens in our study was rather similar; hence
the time length for a thorough decalcification of each co-
chlear specimen was consistently four full weeks, shorter
than previously reported [27]. This time length was also
proved adequate for a complete decalcification accord-
ing to X-ray examination. Among the embedding meth-
ods, although paraffin has been the mostly used for hu-
man temporal bone, we prefer frozen-sectioning because
it provides better antigen preservation [27].
Once separated fromn the temporal bone, a few land-
mark structures (occasional stapes/oval window, almost
always a depression by the internal carotid artery and re-
sidual internal acoustic meatus) can be left on the surface
of the cochlea. This differs from rodents where the co-
chlear turns and orientation of the modiolar axis are easi-
ly recognized. In the human cochlea, the plane of the
oval window/footplate, according to the measurement on
5 silicone casts of human inner ear, is at an approximate-
ly 15-degree tilting angle in backward direction from the
plan perpendicular to the axis of modiolus and, if present,
can serve as a reference plane for mid-modiolar section-
ing. The depression by the genu of internal carotid artery
is against the antero-inferior border of human cochlea.
Consistently, an unambiguous immune-labeling with
several antibodies having proven-specificity suggests an
appropriate preservation of antigens with the present
techniques [15-22]. Several examples of the labeling were il-
lustrated (fig. 5). Cx30 labeling in human spiral ganglion
neurons (SGNs) is a finding of high interest to us and a
finding without known significance. For possible im-
provement in antigen-antibody immunoreaction, as well
as in cellular structure maintenance on cryo-sections,
changing and comparing specimen handlings, such as
types and concentrations of fixative, use of detergent (we
routinely use 0.4% triton X-100) and antigen retrieval,
can be carried out. However, high temperature-based an-
tigen retrieval seems to generate distortion of cryo-sec-
tions or even detachment of the sections from the slides.
Antigen retrieval has been mostly described for
PFD-fixed paraffin-embedded sections. Detergent could
compromise cell membrane antigen as well as cell mor-
phology, therefore immunocytochemical detection of
membranous antigens using a non-detergent protocol
should be an option. Taking unlimited number of anti-
gens with various fragility into account, working on an
un-decalcified specimen may be a possible choice [28].
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